Abstract: This paper presents selected results of theoretical and experimental research works on a new calibration device (calibrators) used to produce coatings of electric cables. The aim of this study is to present design solution calibration equipment and present a new calibration machine, which is an important element of the modernized technology extrusion lines for coating cables. As a result of the extrusion process of PVC modified with blowing agents, an extrudate in the form of an electrical cable was obtained. The conditions of the extrusion process were properly selected, which made it possible to obtain a product with solid external surface and cellular core.
Introduction
Extrusion of polymer coatings which involves the use of blowing agents, results in obtaining new, modified physical and technological properties of extruded product (extrudant). Inspection of selected physical, mechanical and usable properties of topcoats manufactured in the process of extrusion coating of cellular plastics, comprised part of a larger research project [1] [2] [3] .
The need to achieve effective economic indicators during cable manufacture, new applications and faster re-turn on investment raise continuous interest in the ways of changing a cable structure and learning about its physical, technological and functional properties [4] [5] [6] .
The manufacturing of cable coatings obtained from plastics containing blowing agents was conducted with the use of a modernized process line for extrusion coating, used to manufacture power cable topcoats. Technical University of Košice and Lublin University of Technology have developed a technological process for cellular extrusion of cable coatings, and as a result new coatings having different properties, such as reduced density (Figure 1 ). This results in the change of properties and features of cable coatings [1, 3, 7] . Calibration plays a significant role in the process of cellular extrusion. While assembling the set of calibration tools, one should consider the necessity to simultaneously cool and fix the shape of the product. During the inside cellular process, the external contours and dimensions are identical between the stages of leaving the extruder die and entering the calibration block. The intensity of cooling during calibration determines the thickness of the compact solid topcoat as no cells are formed during this process, whereas during the free cellular extrusion process, the period of cell growth is longer due to the larger distance between the head and the calibrator [3, 4, 7] .
Calibration methods for extrusion
In the process of extrusion of cable topcoats, the demanded shape and cross sectional dimensions are imposed by the extruder die, with consideration of the Barus effect and the phenomenon of shrinkage [2, 3, 5] . However, when high requirements are established with regard to the accuracy of shape and dimensions of the cross section, it is necessary to fix the shape and dimensions by means of calibration of the obtained extrudant.
Very often, for technical and economic reasons, cellular extrusion product must comprise of two or more types of plastic differing in terms of their properties, structure and colour, which determine the use of special coextrusion heads and calibration panels. Due to the fact that the internal layer of the extrusion product contains the blowing agent, extrusion head channels get narrower towards the die, thus ensuring equal plastic flow rate and eliminating flow stagnations. In the parallel slide zones, there occurs relaxation of the built-up stress and generated plastic strains.
The following types of calibration can be distinguished: inside, outside and combined. Combined calibration is the combination of outside and inside calibration types, however it is hardly ever used [2, 3, 5] . Outside calibration means that after leaving the extruder die, the extrudant is led through a cooled calibration sleeve of a given diameter, a given length and having a determined pressure value ( Figure 2 ). In the inside calibration used in the Celuka method [3, 8] , the plastic flows through the die of the extruder and calibrator connected directly to each. These extruder heads are used in cellular extrusion of products with wall thickness above 5 mm, solid surface and density ranging from 300 to 400 kg/m 3 . In the place where the shape should have a solid surface, internal surface of the calibrating machine should exert suitable pressure ( Figure 3 ). Noncellular section of the extruded plastic when brought into contact with this surface starts cooling and forming solid layer of the extruder product. One of the calibrators designed and patented by the authors of the article -calibrator for outside calibrationis shown on Figure 4 . In order for the process to proceed effectively, the extrudant must be pressed towards the sleeve, which can be done in two ways that determine further classification of outside calibration: delivering air under pressure into the extrudant (possible only in the case of hollow extrudant) -pressure calibration, as well as generation of negative pressure between the extrudant and the sleeve -vacuum calibration.
The basic element of pressure calibrator is the calibrating sleeve with a plasticized extrudant inside to which compressed air is delivered, which ensures contact of the extrudant with the cooled wall of the sleeve. Air pressure constitutes an important factor in the pressure calibration process. Its value determines the accuracy of dimensions of the obtained products. The pressure should be minimal yet sufficient for extrudate calibration, it is advisable to use overpressure in the range 0.06-0.16 MPa.
In comparison to pressure calibrators, the main advantage of vacuum calibrators is the possibility to freely lead the extrudant along the whole length without limitations related to the application of the plug or compressed rear part of the product. Thus elements calibrated by means of vacuum calibration may be cut into pieces of any length, even very small. Due to low thermal conductivity of cellular extrudant, calibrating machines and cooling tubs must be longer than in case of production of similar compact profiles at comparable extrusion speed [1, 3] .
Scope of research
Designing and building a prototype of a proper new calibration equipment turned out to be indispensable, together with its testing carried out by the authors, in order to apply it in the modernized technological line for external cable coats manufacturing, also used in experimental verification.
On the basis of theoretical analysis vacuum calibration was found to be the optimal calibration method due to the conditions of the process of manufacturing cables with new topcoats, and the features of thermoplastic material used for cable coatings.
Construction analysis, structure activity calibrator, drawings and 3D models for making this calibrator were created. The calibrator construction which meets the requirements with regard to the manufactured cable coat, is the construction of pressure calibrator; its kinematic diagram of water circulation installation is presented in Figure 5 .
The principle of calibrator's operation includes broaching the external cable coat and its simultaneous cooling by means of cold water. The new calibration equipment is constructed as a block structure. The calibrator is a rectangular prism made of brass consisting of two rectangular prisms tightly fitting each other by means of pitch planes ( Figure 6 ).
Both parts of the calibrator are parallel channels in which the insert is exchangeable to match the shape of the calibrated product.
In both parts of the calibrator there are circuits placed parallel to each channel connected on one side of the rectangular prism with perpendicular channel supplying the cooling liquid under pressure, and connected on the other side with a perpendicular channel carrying the liquid after receiving the heat (Figure 7) . Pitch planes of rectangular prisms, adjacent to each other, have longitudinal bore chambers in the central part which, after fitting both rectangular prisms, jointly form the longitudinal port of strictly determined shape and cross sectional dimensions which correlate to the referred shape and cross sectional dimensions of the extrudant.
Modified cable coating extrusion process was conducted with the use of extrusion technological line type LW-3, developed by "Manex Sp. z o.o.", used in the manufacture of the rod (the cable packing element). S-045 extruder press was used in the study together with Plasticolor 2000 feeder. The plasticizing system was equipped with four heating zones; the diameter D is 45 mm and the L/D ratio of the twin-screw was 25. Technological lines included also complementary machines i.e. feeding machines for conductor of a cable, water cooling machine, collecting machines and vacuum-calibration machine. Calibrator in the technological line is shown on Figure 8 .
Extrusion was carried out under the following parameters: temperature of the heating zones 150 ∘ C-190 ∘ C respectively; extruder head temperature within two heating zones 165 ∘ C-170 ∘ C. The fixed screw speed was of 30-80 rpm, whereas collection rate of the extruded rod was 100 m/min. Material Polyvinyl chloride (PVC) manufactured by Vipa GK 70AS62, was used in the study on cellular extrusion process. This PVC has the density of 1330 kg/m 3 and hardness of 70 Sh ∘ A. Chemical blowing agents include nitric compounds, sodium bicarbonate and mixtures of organic acids and hydrocarbons. The reaction may be exothermic, but when using chemical blowing agents during processing, the typical (decomposition) temperature must be exceeded for a specified period of time, in order to obtain relevant amount of gas. In the research presented in the article, a blowing agent with a trade name of Hydrocerol PLC 751 was used. This is a blowing agent with exothermic decomposition characteristics, in the form of granules, used at 0.0-0.5% of the mass of PVC.
Results and conclusions
During the performed technological tests of the extrusion process, 3 x 1.5 mm 2 YDYp 300/500 V power cables and topcoat made of a cellular plastic with solid external surface and cellular core were manufactured (Figure 9 ). Table 1 shows the results of the study and the characteristic quantities of the physical structure of the cellular coating such as elementary surface of pores.
The obtained coating values was from a rod having porosity of 10-27%, density ranging from 1200 kg/m 3 to 1035 kg/m 3 respectively, and thus results in reduced density of the obtained cellular product. The cross section of their external sheath is oval, with copper conductors wrapped in PVC insulation. The degree of porosity, being a property determining the volume of gaseous phase in the cellular product, determines the value by which the density of the product is reduced. The type and volume of the blowing agent dispensed during the examination was selected in the manner which, under assumed extruding conditions, enabled the reception of a cable with a coating having solid topcoat and cellular core. The quality of the obtained coating is very good, taking into account criteria such as degree of porosity and density. Results of tensile strength tests for cable coatings are compliant with the planned values. Tensile strength ranges from 12.5 MPa to 10.0 MPa, depending on the type of plastic and blowing agent content.
It turned out that the analytically designed, structurally designed and the constructed calibrator worked correctly during the manufacturing process of cellular cable coatings.
Each developed construction of extrusion head and calibration machine is individual and unique due to the phenomena accompanying the process of polymer material extrusion, such as the Barus effect, material shrinkage effect, and lack of formulas for calculations of indispensable geometrical and technological quantities useful in the engineering. Even after it has been manufactured, the calibration device can be further adjusted during direct technological tests or even during the final manufacture of a given product, made of a given material in a technological line.
